Abstract. The hydroperiod, flooded sediments and riparian understory were examined for eight riparian wetlands of one Ebro River reach (NE Spain) to relate river-floodplain interactions at different spatio-temporal scales with wetland strucuture. This analysis served as a basis for assessing the ecological status of the study reach and proposing a valid restoration plan. A comparison of water-level fluctuations in riparian wetlands with that in the river channel during an ordinary flood was use to characterize the hydroperiod. This characterization was further linked with the results of a multivariate analysis performed using sediment physico-chemistry. Moreover, different measures of understory diversity were used to estimate the successional stage of eight riparian wetlands located in the same reach of the Ebro River. We described four hydroperiod types from the examined flood, from disconnected oxbow lakes to backflow channels fluctuating in concert with the Ebro River. Also three types of sediment differ in their organic matter content. Both results were closely related reflecting the dominance of endogenous or allogeneous processes. However, such heterogeneity was interpreted as being variable over longer spatiotemporal scales. In addition, the riverscape was found to be homogenous and dominated by wetlands at mature successional stages. Consequently, the lack of erosive floods within the reach seems to make inclusion of ecological restoration of geomorphological dynamics a highly appropriate management objective. Alternative strategies at both reach and site scales are proposed.
Introduction
River floodplains are flood-dependent ecosystems that are an integral part of the river (Ward, 1998) . Natural disturbances caused by floods create and maintain a complex mosaic of riparian landforms and associated aquatic and semi-aquatic communities, while hydrological connectivity promotes the exchange of matter and energy between different parts of the river system (Junk et al., 1989; Ward, 1989) . Hydrogeomorphic variables therefore establish the physical template and provide constraints under which chemical and biological processes operate (Tabacchi et al., 1998) . Focussing on the riverscape (sensu Malard et al., 2000) , the interactions of processes at different spatio-temporal scales promote a combination of complex gradients of habitat conditions, which can result in high levels of diversity (Amoros and Bornette, 2002) .
Anthropogenic alterations of river flows and floodplains often disrupt the intensity, frequency, and timing of the natural disturbance regime responsible for maintaining the ecological integrity of these ecosystems (Ward and Stanford, 1995) . In the developing world, the remaining natural floodplains are disappearing at an accelerating rate, primarily because of changing hydrology (Tockner and Stanford, 2002) . Consequently, the conservation of these ecosystems depends on the rehabilitation of river-floodplain interactions at several spatio-temporal scales (Henry and Amoros, 1995; Tockner et al., 1998; Hughes et al, 2001; Brunke, 2002) .
On the inter-annual scale, erosive floods create and maintain a diversity of successional stages that determine the overall complexity of the landscape matrix (Metzger and DØcamps, 1997; Galat et al., 1998) . In the absence of natural disturbances, the floodplain system probably tends toward geographical and temporal uniformity (Tockner et al., 1998) . Under these conditions, the riverscape becomes dominated by mature stages since successional pathways can proceed unimpeded and new wetlands are not being created (Ward and Stanford, 1995) . Within water bodies, the presence of a wide array of environmental conditions fosters a high level of biodiversity, although it is necessary to include measures such as the species turnover rate for a comprehensive understanding of natural patterns and processes (Ward et al., 2001) . In the present study, different estimates of understory diversity were employed to infer wetland successional stage. This analysis, which relies on the close relationship of riparian vegetation with wetland topography, serves as a basis for assessing the ecological status of the riverscape at the reach scale.
On a seasonal time scale, variations in hydrological connectivity are caused by water level fluctuations . The wetland hydroperiod concept, introduced by Mitsch and Gosselink (1993) , has been used to compare hydrological connectivity between wetlands in relation to water level fluctuations. In our study, sediment structure was used to relate hydroperiod measurements with the balance between autogeneous or allogeneous processes on sediment diagenesis. Rostan et al. (1987) emphasized the importance of sediment characteristics in determining the relative dominance of endogenic and exogenic processes. In addition, Tockner and Schiemer (1997) use the organic matter of wetlands substrate to indicate a decrease in natural disturbances.
Previous studies have shown that the geomorphology and vegetation of the study reach has been strongly modified by alteration of the fluvial dynamic (Regato, 1988; Castro et al., 2001; Ollero, 2007) . Successful application of the Water Framework Directive critically depends on floodplain restoration. To achieve this goal will require implementation of an adequate ecological restoration projects, which are more likely to be successful if based on an understanding of the underlying geomorphological and ecological processes (Kondolf, 1998) . The objectives of this study are: a) to relate sediment and riparian understory structure with hydrological connectivity in a variety of riparian wetlands within a reach of the Middle Ebro River, b) to assess the ecological status of the study reach, and c) to characterize the implications of these findings with respect to the ecological restoration and management of the study reach.
Study area

Study reach
The study area (Fig. 1 ) is in the Middle Ebro River in northeast Spain and comprises a watershed area of 85,362 km 2 . The Ebro River, 910 km long, is the largest river in Spain. It has an annual discharge into the Mediterranean Sea of 18,138 hm 3 /y and remains geomorphologically active despite the presence of 170 dams and reservoirs on the river and its tributaries. The section of the Ebro River in the study area is a meandering reach (sinuosity = 139, slope of the bankfull channel = 0.05 %, average floodplain width = 5 km). At the study reach, the discharge, averaged over the years 1927 to 2003, is 230 m 3 /s and elevation ranges from 175 m asl in the river channel to 185 m asl at the base of the old river terrace. The area flooded by the 10-yr return period flood (3000 m 3 /s, 1927 -2003) is 2230 ha, although only about 14 % of the area is flooded by a river discharge of 1000 m 3 /s (0.37 y return period, 1927 -2003) , and only 4 % is flooded by a river discharge of 600 m 3 /s (0.14 y return period, 1927 -2003) . During the last century, the number and extent of permanent water bodies has declined considerably.
Riparian Wetlands
Most of the riparian wetlands examined are within the study reach, 12 km downstream from the city of Zaragoza. An exception was Juslibol oxbow lake (OL1 in Fig. 1 ), which is 1 km upstream of the city. At the study reach, only 3.6 % of the area flooded by a 10-yr return period flood is occupied by riparian wetlands (Fig. 1) . Most of the remaining area is used for agriculture. The study sites cover 70 % of the riparian wetland area, so they are assumed to faithfully reflect the state of the riverscape in the area. These sites represent the widest range of hydrological connectivity (in type and magnitude) in the study reach. Connectivity types can vary depending on river discharge, as is the case with the BC2 site (Fig. 2) . BC2 is a large side-channel during high magnitude flows; however, during ordinary floods its upstream and downstream areas function as side and backflow channels, respectively. The age of each wetland since creation (Table 1) was estimated from time of first observance based on aerial photography, using 1927, 1957, 1981, 1998 and 2003 ortophotos. , 1927 -2003) at the Zaragoza gauging station 12 km upstream of the study area. To measure water levels at Alfranca Oxbow (OL2 in Fig. 2 ), we used a shaft encoder with 1-mm resolution (Thalimedes, OTT-Hydrometry ) and an integrated data logger. In the other riparian wetlands, pressure-based meters with 1-cm resolution (DI241 Diver, Van Essen Instruments ) were used. The monitoring network of the Ebro River Basin Administration (www.chebro.es) provided hourly data recorded at the Zaragoza gauging station.
To compare the magnitude of changes in water level among all of the riparian wetlands, the readings between 22/4/06 and 30/4/2006 were converted to relative water level (RWL) values using the height reading and the full range of water level variation (WLV) at each site during the examined flood (Table  1) . To compare their dynamics during the flood, the RWLs at each site and in the Ebro River were plotted together (Fig. 3, left column) . A plot of the RWL of each site versus the RWL of the river (Fig. 3 , right column) revealed hysteretic loops, demonstrating the degree of connectivity in study site and river RWL dynamics.
Sediment collection and analysis
We chose to measure sediment physico-chemical variables and relate them to the wetland hydroperiod because they can provide valid indicators of hydrological connectivity type and magnitude (Tockner and Figure 2 . Geomorphological features, location of transects where plant studies were performed, sediment sampling points and location of water level meters for each study site. Arrows in each box indicate the direction of Ebro river flow. Land use cover types are shown. "Human Affected" includes old gravel pits and abandoned agricultural fields, while "Human Occupied" represents present agricultural fields, paths and urban settlements. Transect length is shown for each wetland in figure 6 (at right). /s, and in August (n = 21 samples) after two months of low water levels, at the upstream, Figure 3 . Comparison of RWL between the Ebro River and the studied wetlands during an ordinary flood (536 m3/s). RWL was calculated using the real water height and the full range of water level variation (WLV in Table 1 ) for each wetland. Dashed lines delimitate the period under consideration for the Hysteretic loops, which are displayed on the right part of the figure.
Aquat. Sci. Vol. 70, 2008 Research Article central, and downstream section of the flooded zone of the eight examined wetlands (Fig. 2 Sediment pH and conductivity were measured in a solution of 10 g of fresh sediment dispersed in deionized water (pH: 2.5:1 g/ml, conductivity: 5:1 g/ ml) after shaking for 30 min. A 4-g subsample of fresh sediment was mixed with 40 ml of KCl 0.01 N in a 50-ml wide-mouth flask, gently shaken for 30 min, and centrifuged at 2500 rpm. The supernatant was filtered through filter paper (Whatman no. 42) and the solution was stored at -208C. Within two weeks of collection, the samples were analyzed for nitrate
, and sodium (Na + ) using a high-performance liquid chromatography (HPLC) analyzer. To mimic the mean conductivity values of river water at the study sites and to avoid interfering with ion chromatography analysis, extractions were performed using a dilute salt solution (KCl 0.01 N; 1413 mS). Ion concentrations, expressed in ppm (mg/kg fresh sediment), were thus representative both of pore-water and the easily extractable fraction in the top-sediment layer. To determine dry mass and percentage moisture (by mass) on a wetweight basis, the remaining fresh sediment was ovendried at 608C. Bulk density was calculated as dry mass by volume (g/cm 3 ), and organic matter was estimated by loss on ignition (LOI) in a muffle furnace (4508C for 5.5 h), and expressed as percentage of sediment dry mass.
Differences between high and low water levels were determined by individually subjecting winter and summer data to multivariate statistical analysis that incorporated Principal Components Analysis (PCA) with the Factor analysis procedure, and Cluster Analysis based on a Ward algorithm (SPSS 14.0 package). PCA was used to identify factors that accounted for data variability as well as to categorize sites according to those factors. The initial PCA solution was varimax-rotated, and the most suitable number of factors, in terms of explanatory power and interpretation, was extracted. The resulting scores were recorded for each sampling point. Sediment types were determined by testing and interpreting PCA results using winter and summer cluster solutions. A one-way ANOVA was used to detect differences in variables included in the multivariate analysis between sediment types. Phosphate was not included in the statistical analyses because in a majority of the samples the concentration of phosphate in the extracted solution was less than the HPLC detection threshold (0.005 mg/l). Where variables were not normally distributed, the data were transformed before inclusion in analysis.
Understory vegetation sampling and analysis
In August 2005, three transects were placed at the upstream, central, and downstream sections of the riparian wetland sites (Fig. 2) . Transect length (55 -300 m) was delimitated by human landscape features (e.g., paths and crops) for the oxbow lakes and the artificial pond (OL2, OL3, OL1 and AP). For the outer banks of side channels (SC1, BC1, BC2 and SC2), transect length was delimitated by abrupt topographic changes, whereas the limit at sides adjacent to the riverbank was marked by point bars associated with the main channel. At side channels, these limits nearly coincided with the area flooded by a 1500 m 3 /s event (0.87 y flood , 1927 -2003) . Sampling plots were set every 5 m along transects (n = 11 -50). For each plot, the ground cover for each understory species was visually estimated within a 1-m 2 quadrant. Species were identified according to Aizpuru et al. (2003) . Cover values were normalized to a 0 -1 range to take into account all considered vegetation layers per plot. In previous years, submerged macrophytes were uncommon in the riparian wetlands therefore ground cover was considered null in the open-water plots. The visual cover in flooded plots, mostly occupied by the emergent macrophytes Phragmites australis and Typha sp., was estimated. Common understory types and their representative species are shown in Table 2 .
Cumulative Diversity (CD) spectra were drawn to explore the effects of geomorphological features on the riparian understory structure. Both wetland banks were thought to provide useful information, so transects were divided into two different sections (left and right), positioning the starting point at the deepest part of each wetland. The cumulative ground-cover values determined successively, from the starting plot, were normalized to 0 -1 and used to calculate the understory cumulative diversity (CD) for each plot using the Shannon Index (H); both left and right sections were plotted (Fig. 6, left column) .
Additional characterizations of wetland successional stage were provided by estimating diversity and environmental heterogeneity for each section, using the riparian understory. Since it integrates groundcover values of all section plots, as described above, the CD of the most outer plot was taken as the measure of each sections diversity. Environmental heterogeneity for each section was evaluated by estimating a Cumulative Diversity Rate (CDR) using CD values (diversity units) and section length (meters) as follows: CDR = (CD final -CD starting point )/Section Length CD was then plotted as a function of CDR for each section (right column in Fig. 6 ). The information provided by CD and CDR was considered similar to gamma and beta diversity at the section scale. Low species turnover rates lead to homogenization and low CDR values, while low CD values result if environmental conditions are such that they prevent species from establishing along the section.
Results
Types of hydroperiod
The study sites differed in their types of connectivity as reflected in the variation in RWLs and hysteretic loops (Fig. 3) . At BC1 and BC2, water levels rose and fell in concert with the river water, and their hysteretic loops had diagonal forms. At OL1 and SC1, however, changes in RWL were delayed relative to those of the Ebro River (Fig. 3) , which is reflected by an inflexion point in their hysteretic loops during the rising phase.
However, they differed during their receding phases. Note that the upstream section of BC2 is a connected side channel for which the hysteretic loop is probably more similar to that of the SC1 site than is suggested by its downstream end where the pressure-based meter was located. The hysteretic loops for SC2 and AP were curved. At SC2, the peak in RWL coincided with the timing of maximum river discharge, but at AP, it was delayed relative to that of the river. At AP, the hysteretic loop was round during both the rising and receding flood phases, whereas the hysteretic loop for SC2 showed this round form only when river discharge decreased. For OL2 and OL3, the RWLs were not correlated with that of the river.
Sediments
Physico-chemical characteristics of riparian sediments. The major components of the PCA explained 68 % and 64 % of the overall variance in winter and summer, respectively (Table 3 ). The variation in sediment characteristics of the sampling sites was most strongly correlated with bulk density, organic matter and ammonia content. This was valid for both analyzed seasons, although pH, conductivity, sulphate, and sodium also had high factorial loadings on the first factor in winter. The second and third principal components explained between 16 % and 20 % of Table 2 . Representative understory species found at the most common plot types in relation to their hydrological connectivity. Species identification and nomenclature are according to Aizpuru et al. (2003) . Aquat. Sci. Vol. 70, 2008 Research Article the total variance. In winter, the second principal component included concentrations of calcium, magnesium, and nitrates. In summer, nitrate and sulphate concentrations were associated with the second axis, and calcium and magnesium concentrations were associated with the third axis. In winter, the first factor clearly discriminated the locations of the disconnected oxbow lakes (OL3 and OL2 in Fig. 2) , and also that of the backflow area of two former river channels (BC2-U and BC1-D in Fig. 2) , which had more organic, salty and ammoniaenriched substrates than did all other locations (Fig. 4) . Moreover, OL3 locations presented extraordinarily high values for factor 2, as did two locations of a connected oxbow lake (OL1 in Fig. 2 ) and the central part of an intermediate connected side channel (SC2-C in Fig. 2 ). In summer, differences in factor 1 persisted, although being slightly attenuated. A suite of substrates found dried in summer presented elevated values for factor 2, conjointly with those for sediments from OL3 locations (Fig. 5) .
Sediment types. Three types of riparian sediments were identified on the basis of PCA results and separated according to location groups by Cluster analysis (Fig. 5) : a) Organic Sediments (ORGSED, n = 6): Locations clustered as organic (ORG) during winter and summer. This type comprised locations of disconnected oxbow lakes (OL3 locations, OL2-U and OL2-C) and one accreted backflow channel (BC1-D). The sediments in this type presented the highest values for organic matter, conductivity and the lowest bulk densities for the two study periods. Consequently, their first factor scores in both PCA analyses were also the highest (Fig. 4) . Inorganic nitrogen was present mainly as ammonia, which was found at the highest concentration in this location type in both summer and winter (Tables 4,5 (Tables 4,5 ). Their scores in the first factor of the PCAwere intermediate in winter, as was the organic matter content, but lower in summer during which the percentage of organic matter was also markedly lower than in the ORGSED group (Fig. 4) . Inorganic nitrogen was present mainly as ammonia, which was found at lowest concentrations in this location type in summer and at a concentration intermediate between the other two types in winter. The proportion of ammonia relative to total nitrate was much lower than for ORGSED (Tables 4,5 ). c) Mineral Sediments (MINSED, n = 6): Locations clustered as MIN in winter and either MIN-1 or MIN-3 in summer. This type comprised locations at the connected side channel (SC1) as well as locations at two former side channels (SC2-D and BC2-C). The sediments in this type presented the lowest conductivity values and the highest bulk densities for the two study periods. Nitrate and ammonia were in balance in winter, whereas ammonia prevailed in summer, although its proportion relative to total nitrate was much lower than for ORGSED (Tables 4,5 ). The first factor scores of both PCA analyses for this type were the lowest in winter, as was the organic matter content, but intermediate in summer, when the OM was as high as the INTSED group in summer.
Understory Structure
The morphology of the riparian wetlands significantly influenced the Cumulative Diversity (CD) Spectra (Fig. 6, left section) . The spectra of the OL2 and OL1 sites exhibited similar patterns. Extended planar sections were observed in their central (CEN) and upstream (UP) spectra. In addition, bank communities displayed asymptotic shapes, although the right sections of the UP and DOWN spectra tended to be more linear. The AP and OL3 sites were characterized by rectangular-shaped spectra at the CEN and UP transects, although the spectra were more linear at their DOWN sites. Among the side channels, SC2 exhibited UP and DOWN spectra with diagonal forms, as did the UP spectra of SC1. At the DOWN and CEN sections of SC1 and at the CEN section of SC2, the spectral curves were asymptotic with uniform central areas. At the accreted back-flow water channel (BC1 in Fig. 2) , the spectral curves were asymptotic. Aquat. Sci. Vol. 70, 2008 Research Article Only the DOWN spectra was Phragmites-dominated at the central section, which resulted in a vegetation structure that was less diverse than in the UP and CEN spectra. Similar patterns were present in the UP and DOWN spectra in BC2 (Fig. 2) , although more homogeneous bank communities predominated. Intensive sheep grazing substantially altered the natural vegetation patterns in the central transect.
With respect to biodiversity measures, values at the CDR and CD sites were generally below the mean values at the OL3, OL2, and BC2 sites (Fig. 6, right) . Only the UP sections of BC2, and the right section of the CEN and UP transects in OL2 had higher values. On the left bank of AP and BC1 sections, the understory was characterized by slightly higher CDR values. With the exception of the right section of BC1 at the upstream area, CD values at BC1 and AP sites were intermediate and low, respectively. Finally, sections of OL1 and SC2 appeared to be more diverse. Intra-wetland comparisons indicated higher CDR values on the central transect in SC2, and more homogenized communities at the UP transect in OL1. Finally, MDI exhibited the highest CDR scores and elevated CD values.
Discussion
Sediment and Understory structure related to hydrological connectivity Our results indicate that sediment structure at flooded areas of the selected wetlands was related to their hydroperiod. However, riparian understory structure corresponded to the specific wetland successional stage, which reflected the effects of hydrological connectivity over longer temporal and spatial scales than is considered for hydroperiod characterization.
As formulated by Mitsch and Gosselink (1993) , the wetland hydroperiod concept is useful for comparing hydrological connectivity in floodplain wetlands. Others have described hydrological connectivity using structural variables, such as substrate grain size, or quantitatively, by measuring ecological processes, such as water residence time, water level changes, or water age (Van der Brink et al., 1993; Hein et al., 1999; Bornette et al., 2001; Roozen et al., 2003; Hein et al., 2004 ). Our results demonstrate that the Hysteretic Loop Method (floodplain water-level fluctuations correlated with river water level) is useful in classifying riparian wetlands according to their hydroperiod. An exact diagonal line in the plot indicates that the RWL of the site changed simultaneously with that of the river. The more circular the hysteretic loop, the longer the delay between the change in water level at the site and that of the river; a delay that reflects the dominance of river seepage inflow. Furthermore, the inflexion points during the rising phase of the flood highlight the importance of surface inputs at the point where river discharge reaches a specific threshold. In this study, four types of hydroperiod were identified: 1) Backflow channels permanently connected at their downstream end (BC1 and BC2); for this type, upstream inputs were of negligible importance during low magnitude flow. 2) Sites with loops controlled by a specific river-discharge threshold during the rising phase (OL1 and SC1); differences in hysteretic loops between these sites during the receding phase reflected the absence of upstream connection (OL1) versus the dominance of upstream inputs from a discharge threshold (SC1). 3) Groundwater-connected sites (AP and SC2); for these sites, rapid fluctuations in water level at the hyporheic zone promoted parallel changes at SC2 compared with those in the river. However, the more circular loop of AP reflected its greater distance from the river and the slow conductivity of sub-surface environments. 4) Disconnected riparian wetlands (OL2 and OL3); these oxbow lakes had a thick layer of fine sediment that impeded vertical connectivity during the examined flood.
With regards to sediment structure, the results of the applied multivariate approach seemed consistent with the hysteretic loop evaluations. Tockner and Schiemer (1997) emphasized the importance of a high content of organic matter in sediments as an indicator of low surface connectivity, an idea first suggested by Rostan et al. (1987) . The ORGSED location group included the sediments of the disconnected wetlands, OL3 and OL2 (Hydroperiod type 4). The substrate of a relatively old, accreted backwater channel, BC1 (see Fig. 5 , Hydroperiod type 1), was also included in this group. These observations may indicate the positive effect of aging on carbon accumulation when water scouring and accretion rates are low, as has been reported in other natural and created wetlands (Schwarz et al., 1996; Mitsch et al., 2005) . Conversely, MINSED and INTSED location groups coincided with the sediments of the remaining connected wetlands, SC1, SC2, BC1, BC2 and OL1 (Hydroperiod types 1, 2 and 3), where allogenous processes, such as the sedimentation of river material and the exchange of organic matter with the main channel, decreased the organic content of the sediment. Proximity to the main channel might have promoted greater accretion of more coarse and inorganic substrates, resulting in a lower affinity for major ions and higher hydraulic conductivity. This interpretation at least partially explains the differences in conductivity, bulk density and organic matter between INTSED and MINSED, the latter comprised of locations adjacent to the main channel. In contrast, Aquat. Sci. Vol. 70, 2008 Research Article 371 BC2-D might have been included in the ORG cluster in winter because decreased connectivity favored internal processes in backwater systems (Heiler et al., 1995) . In addition, the predominance of river seepage as the water source drives wetlands toward autogenic functioning (Phase II in Tockner et al., 1999a), as manifested by the inclusion of SC2-C (Hydroperiod Type 3) in the ORG group in winter.
Seasonal variability in river discharge had functional implications for substrates at the study locations. Recurrent floods prior to winter sampling created a gradient from MINSED sites, which had diluted environments with low ammonia/nitrate ratios, to ORGSED, where conductivity and organic matter were elevated and reduced nitrogen forms predominated. In summer, stagnant conditions caused conductivity to rise relative to values in winter (Tables  4,5 ). The resulting low oxygen levels and redox processing might explain, in part, the lower summer nitrate and sulphate content for ORGSED and INTSED locations. Elevated levels of nitrate, sulphate, and calcium in MINSED during this season probably resulted from greater oxygen availability and earlier salt deposition at four of its locations, which were not flooded and presented elevated values for factor 2 of the PCA (Fig. 4) . Compounds dissolved in the interstitial water crystallize at the sediment surface and, consequently, gave rise to an accumulation of salts in the top layer, as occurs in freshwater marshes (Degroot et al., 1993) . Finally, wetlands successional stage significantly influenced the Cumulative Diversity (CD) Spectra (Fig. 6, left section) . This influences wetland topography, thus controls the hydroperiod and associated characteristics such as duration and depth of flooding, variation in the water table, flood scouring, or soil grain-size, which are all associated with vegetation structure (Mountford and Chapman, 1993; Henry et al., 1994; David, 1996; Bornette et al., 1998; Leyer, 2004) . The planar forms in central sections of the spectra indicate the dominance of highly connected plots, with the absence of vegetation or dominance by a single macrophyte species. Discrete or continuous environmental gradients are reflected in the rising phases of the spectra; diagonal forms indicate sequential gradients, and asymptotic forms correspond to step-wise gradients. At the selected wetlands, asymptotic shapes predominated due to the dominance of vertical accretion in the floodplain formation process. In some cases, natural trends are completely overridden by the human occupation of areas surrounding water bodies in the study area, as was observed for the left section of the upstream spectrum in OL2.
In areas adjacent to the main channel, sediment accretion progressively created such step gradients during initial wetland stages. Later, higher accretion rates in upstream areas smoothed those gradients in the central sections of the spectra, driving the transition from highly connected side channels to backflow channels, i.e., from lotic to more lentic conditions (Upstream Spectra in SC1, Fig. 6 ). This process occurred later in central and downstream areas, leading hydrological connectivity to decrease at the downstream end of these backflow channels, as observed in SC2. This same pattern probably occurs at longer intervals and on larger spatial scales in wetlands far from the main channel, such as oxbow lakes. Downstream zones in the wetland basin became accreted while shallow water or muddy areas prevailed in other sectors. Clearly, Phragmites australis and Typha sp. dominated plots in these other zones and, coupled with the absence of other macrophyte species, resulted in homogenous central sections (OL1, OL2 and OL3 in Fig. 6 ). Above the banks, mature forests, often dominated by Populus alba, held a more diverse understory (OL1 in Fig. 6 ) compared to the plots occupied by Rubus ulmifolius, as exemplified by the right section of the central section in OL3 (Fig. 6) .
Ecological status of the study reach Selected wetlands exhibited a wide range of hydroperiod types for these low-magnitude floods, results that may be taken as representative of the study reach since these wetlands account for 70 % of the riverscape. However, we hypothesized that hydroperiod diversity would decrease during higher-magnitude events than the one used for this hydroperiod analysis (> 536 m 3 /s, 0.14 y return period). The absence of channel migration since 1981 (Cabezas et al., unpublished data) has caused vertical accretion to dominate floodplain formation, and has restricted flooding to areas close to the main channel ("straitjacket" area sensu Lamers et al., 2006) . At the study reach, the proportion occupied by riparian wetlands (3.9 %) and the area of the floodplain that is permanently flooded (0.7 %) are low. Consequently, the majority of the floodplain area is only flooded during high magnitude floods (> 2500 m 3 /s, 5.36 y return period) and remains disconnected from the river most of the time. This means that almost no floods are capable of increasing the hydroperiod diversity of ancient wetlands. In highly connected wetlands inside the "straitjacket", water sources will rapidly come to be dominated by superficial inputs, whereas connectivity thresholds will be reached sooner and will become less important. The prediction is that in side channels, hydroperiod types will become reduced to those observed in the backflow channels, BC1 and BC2, where water level fluctuations completely depended on river discharge variation. Disconnected wetlands, such as OL3 and OL2, have a thick sediment layer that impedes groundwater connectivity; superficial inputs only occur during low-frequency floods. Thomaz et al. (2007) emphasized that floods increase the similarity among aquatic habitats in river floodplain systems. In contrast, Malard et al. (2000) showed that the physicochemical heterogeneity of a glacial riverscape was controlled by multiple water sources and flow-paths, and increased during expansion-contraction cycles. Similarly, the array of flooded sediments showed a considerable heterogeneity under the current flow regime (Fig. 5) . However, flooded zones were scarce Aquat. Sci. Vol. 70, 2008 Research Article 373 compared with the accreted areas, OW, RB and ORC (Table 1) . Considering the entire reach, substrate homogeneity affects system functionality, for example, because processes occurring at low oxygen levels are delimited to small areas. These effects extend to reach species that depend on these habitats, leading to a decrease in reach biodiversity.
Using the understory analysis, a two-dimensional conceptual model (Fig. 7) was built to further assess the ecological status of the study reach. The convenience of functional measures of biodiversity has been emphasized in previous studies, which highlighted the importance of species turnover rate and overall diversity at the scale under consideration (Tockner et al., 1999b; Ward et al., 1999) . The assignment of the examined wetlands to Phases II and III with low environmental heterogeneity stresses the fact that the riverscape at the study reach is homogenous and dominated by mature stages. Moreover, under current hydrogeomorphological conditions, the wetlands of the study reach will remain static or progress irreversibly to Phase III due to a lack of cyclic rejuvenation events. In our scheme, Phase I corresponds to wetlands where environmental conditions permit a heterogeneous distribution of plants along the section.
The frequently connected backflow channel, SC1 (Table 1 and Fig. 6 ) represents this stage. Diverse, but spatially homogeneous, sections represent Phase II, which might develop as a consequence of intermediate levels of superficial connectivity or the influence of ruderal species. OL1, SC2 and BC1 represent this stage in the study reach. Phase III corresponds to a riparian area with marked, discrete gradients (permanently versus rarely flooded), which results in low diversity and heterogeneity. In our model, OL2, OL3, AP and BC2 are classified as Phase III. Open-water and reed plots dominated the deepest areas and brambles dominated the banks. Phase 0 probably occurs in areas that are potentially heterogeneous but where major counteracting factors exist. This might be the case in permanent side channels, where water availability is gradual, but there is a homogeneous stony substrate.
In conclusion, the effects of diminished riverfloodplain interactions on the riverscape have clearly affected the ecological status of the study reach. We could classify the ecological status of the reach as deficient/acceptable (orange-yellow) following the Water Framework Directive terminology, although we have arrived at this assessment using completely Figure 7 . Two-dimensional conceptual model of wetland succession at the study reach. The successional stage of studied wetlands has been inferred from diversity measures at the section scale. Under actual conditions, the arrow indicates the unique direction of the succession.
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A. Cabezas et al. Hydrological connectivity in the Middle Ebro floodplains (NE Spain) different criteria. Biodiversity measurements showed a homogenous riverscape dominated by wetlands at mature successional stages. Moreover, the considerable hydroperiod and sediment diversity were found to be variable over longer spatio-temporal scales. Consequently, the lack of erosive floods within the reach seems to make inclusion of ecological restoration of geomorphological dynamics a highly appropriate management objective.
Implications for restoration and management
It appears that it would be unrealistic to expect current management policies of the Ebro basin to re-establish the geomorphological dynamics in the study reach. Different approaches appropriate to the scale of the objectives could be designed for the management of the Middle Ebro floodplains. Such alternative strategies would need to make more integrated use of natural resources, primarily soil and water. On the reach scale, it might be necessary to remove or redirect dikes to restore an ecosystem with the hydrogeomorphological capacity to maintain the evolving mosaic of habitats characteristic of a well-preserved floodplain (Buijse et al., 2002) . Such changes would likely promote a more heterogeneous riverscape -one in which Phase 0 and 1 of our model would be represented in the reach. New wetlands would develop at concave banks due to channel migration, whereas succession would be truncated in other cases, driving current wetlands to younger stages. However, this self-sustaining approach must be accompanied by a lowering of the floodplain height because the high level of floodplain accretion will hamper main channel movement. On the site scale, riverscape heterogeneity could be increased by creating artificial wetlands or modifying the local topography of existing wetlands. Phases 0 and 1 in our model would be represented at the study reach if fine sediments were removed from side channels, such as SC2 and SC1, located close to the main channel. For BC1 and BC2, lowering banks and upstream ends would encourage these sites to retreat towards previous phases. In the cases of the oxbow lakes, OL1, OL3 and OL1, it is probably not feasible to open the upstream ends because they are located quite far from the main channel. For these wetlands, a focus on improving downstream superficial connection and removing bottom sediments would increase subsuperficial connectivity, after assessing the effects. Water and sediment exchange with the river could be controlled through artificial systems to prevent rapid accretion and allow the hydroperiod to be controlled as desired. Banks should also be lowered and mature vegetation should be removed. On the accreted floodplain, artificial ponds could be created to restore Phase 3 wetlands to the study reach. The described approach would ensure a gradient of hydroperiod types during different magnitude floods, while notably increasing the permanently flooded area. However, this strategy is not self-sustaining unless the main channel migrates, so significant economic investments will be required to maintain periodic inputs of energy. These proposals are presented as a reasonable compromise between the need for flood protection and the desire for ecosystem rehabilitation in highly regulated rivers (Baptist et al., 2004) .
